A B S T R A C T
In the present study in a murine model of chronic ischaemia, we analysed: (i) whether aging was associated with an increased susceptibility to ischaemic necrosis, and (ii) whether this was based on microvascular dysfunction or reduced ischaemic tolerance. An ischaemic pedicled skin flap was created in the ear of homozygous hairless mice. The animals were assigned to three age groups, including adolescent (2 + − 1 months), adult (10 + − 2 months) and senescent (19 + − 3 months). Microvascular perfusion of the ischaemic flap was assessed over 5 days by intravital microscopy, evaluating FCD (functional capillary density), capillary dilation response and the area of tissue necrosis. Expression of the stress-protein HO (haem oxygenase)-1 was determined by immunohistochemistry and Western blotting. Induction of chronic ischaemia stimulated a significant expression of HO-1 without a significant difference between the three age groups. This was associated with capillary dilation, which, however, was more pronounced in adolescent (10.5 + − 2.8 µm compared with 3.95 + − 0.79 µm at baseline) and adult (12.1 + − 3.1 µm compared with 3.36 + − 0.45 µm at baseline) animals compared with senescent animals (8.5 + − 1.7 µm compared with 3.28 + − 0.69 µm at baseline; P value not significant). In senescent animals, flap creation further resulted in complete cessation of capillary flow in the distal area of the flap (FCD, 0 + − 0 cm/cm 2 ), whereas adult (11.9 + − 13.5 cm/cm 2 ) and, in particular, adolescent animals (58.4 + − 33.6 cm/cm 2 ; P < 0.05) were capable of maintaining residual capillary perfusion. The age-associated microcirculatory dysfunction resulted in a significantly increased flap necrosis of 49 + − 8 % (P < 0.05) and 42 + − 8 % (P < 0.05) in senescent and adult animals respectively, compared with 31 + − 6 % in adolescent mice. Of interest, functional inhibition of HO-1 by SnPP-IX (tin protoporphyrin-IX) in adolescent mice abrogated capillary dilation, decreased functional capillary density and aggravated tissue necrosis comparably with that observed in senescent mice. Thus aging is associated with an increased susceptibility to tissue necrosis, which is due to a loss of vascular reactivity to endogenous HO-1 expression, rather than a reduction in ischaemic tolerance.
INTRODUCTION
Delivery of oxygen is the most decisive factor in determining necrosis or survival of ischaemic tissue. Hence the principal function of the microcirculation is the supply of the tissue with oxygen. In plastic and reconstructive surgery, microcirculatory insufficiency leads to tissue damage due to chronic hypoxia and ischaemia, resulting in wound healing complications [1] and compromised flap survival [2, 3] .
Technical developments and increased surgical expertise with a variety of different flaps allow a standardized reconstruction [4] of major tissue defects after trauma [5] or extensive ablative surgery with low ischaemic complication rates [6] . However, patients undergoing these complex and sometimes lengthy reconstructive procedures often present with advanced age associated with increased morbidity [7] , which is connected to increased health care costs [8] . Improved pre-operative investigations and progress in general anaesthesia are the main reasons why these selected patients are eligible to undergo lengthy surgery [9] . When compared with younger patients, however, older patients are more likely to require a prolonged ICU (intensive care unit) stay [10] , to experience ischaemic tissue complications and organ dysfunction [11] , or even to succumb during the peri-operative phase [12] .
Maulik and co-workers [13] have indicated that a higher number of co-morbidities could be the cause of the increased number of ischaemic tissue complications. Irrespective of the accumulation of co-morbidity factors during aging, there is still a lack of knowledge as to whether ischaemia-associated tissue defence mechanisms are based on changes in vascular reactivity in order to maintain adequate perfusion within the tissue at risk or to the modulation of ischaemic tolerance of the tissue. In general, it is assumed that, under physiological conditions, nutritive capillary perfusion and oxygen supply match tissue survival and function. An increase in ischaemic tolerance is defined as a reduced oxygen demand, so that the tissue survives despite critically decreased nutritive perfusion and, thus, a limited oxygen supply. Accordingly, a decrease in ischaemic tolerance, i.e. ischaemic intolerance, is associated with increased tissue necrosis despite maintained capillary perfusion.
Previous experimental studies have demonstrated that the induction of HSP (heat shock protein)-32, also known as HO (haem oxygenase)-1, is capable of reducing ischaemic renal dysfunction [14] and attenuating microcirculatory deteriorations in osteomyocutaneous tissue [15] , thus acting in a protective manner against the appearance of ischaemic injury. There is no information, however, on whether stress-or hypoxia-induced upregulation of HO-1 is affected during aging and whether this influences ischaemic tolerance and tissue survival.
If the extent of tissue survival decreases following microvascular impairment at both an arteriolar and capillary level, it would be expected that the affected tissue is not able to adapt adequately to this hostile environment. On the other hand, alterations in ischaemic tissue tolerance during aging would imply a change in flap necrosis despite a comparable microvascular perfusion and, thus, oxygen supply.
The aim of the present study was therefore to analyse: (i) whether the process of aging was associated with an increased susceptibility to ischaemic necrosis; and (ii) whether this was due to a lack of HO-1 expression, a loss of microvascular reactivity or a decrease in ischaemic tolerance.
MATERIALS AND METHODS

Hypotheses
To elucidate an increased susceptibility to ischaemic necrosis during aging, we studied the development of skin flap necrosis in adolescent, adult and senescent mice. To analyse the role of HO-1, we quantitatively measured the expression of this HSP by immunohistochemistry and Western blot analysis. To distinguish between loss of microvascular reactivity and reduction in ischaemic tolerance during aging, we analysed the microcirculation of the failing flaps. An increase in necrosis in senescent compared with adolescent animals, despite comparable microvascular perfusion deficits, would indicate a loss of ischaemic tissue tolerance. In contrast, an increase in microvascular perfusion deficits in senescent compared with adolescent animals would indicate that the microcirculatory deteriorations determine ischaemic necrosis. A decrease in HO-1 expression in senescent animals would point towards a loss of vasomotor control, whereas a deterioration in microvascular perfusion, despite adequate expression of the vasodilatory HO-1, would suggest a loss of microvascular reactivity. To elucidate further the role of decreased microvascular reactivity compared with decreased ischaemic tolerance, we additionally studied the inhibition of HO-1 in adolescent animals. An increase in microvascular perfusion deficits and tissue necrosis comparable with that observed in senescent animals would exclude a change in ischaemic tissue tolerance and, instead, confirm a pivotal role of microcirculatory deteriorations as the cause of an increase in ischaemic necrosis during aging.
Animals
All experiments were performed according to the guiding principles for research involving animals and the German legislation on protection of animals. The experiments were approved by the local Governmental Animal Care Committee.
The ears of immunocompetent homozygous hairless mice (skh-1) of both gender (age, 2-24 months; body weight, 26-42 g; Charles River Laboratories) were subjected to ischaemia utilizing a skin flap model, as described in detail previously [16] . The mouse ear consists of a single layer of cartilage sandwiched between two full dermal layers of skin (overall thickness, 300 µm) and is completely hairless in the skh-1 strain, thus ideally serving for intravital microscopic studies. The blood supply is provided by three vascular bundles entering the ear at its base and forming an interconnecting capillary network in the periphery [16] .
The animals were housed in single cages at a room temperature of [22] [23] [24] • C and a relative humidity of 60-65 % with a 12-h day/night cycle. The animals were allowed free access to drinking water and standard laboratory chow.
The accelerated life span of mice, with 1 mouse year corresponding to 30-40 human years, allows the study of all of the stages of life [17] . In a previous investigation [18] , we demonstrated that 75 % of immunocompetent homozygous hairless mice (skh-1) died a natural death within a 72-week period. Accordingly, 19-month-old (76-week-old) animals were considered to be senescent. In analogy with other previous studies [18] , 2-month-and 10-month-old animals were considered adolescent and adult respectively.
Chemicals
SnPP-IX (tin protoporphyrin-IX; Frontier Scientific), a competitive inhibitor of HO-1, was dissolved with 8.4 % (w/v) sodium bicarbonate/PBS to achieve a final concentration of 5 µmol/ml. The solution was stored at a maximum temperature of 8
• C in a light-protected tube until use and for no longer than 1 h.
Anaesthesia
For surgery, LDF (laser Doppler flowmetry) and repetitive intravital fluorescence microscopy, animals were anaesthetized by intraperitoneal injection of 90 mg of ketamine hydrochloride/kg of body weight (Ketavet ® ; Parke Davis) and 25 mg of xylazine hydrochloride/kg of body weight (Rompun ® ; Bayer).
Experimental protocol
A total of 30 animals were assigned to three groups consisting of ten mice in each. Adolescent (2 + − 1 months), adult (10 + − 2 months) and senescent (19 + − 3 months) animals were anaesthetized for baseline measurement before flap creation using LDF and intravital microscopy. The measurements of microhaemodynamics were repeated at 30 min as well as at 1, 3 and 5 days after flap creation. At the end of the experiments, the animals were killed by injection of an overdose of the anaesthetic. Additional adolescent animals were studied to evaluate the functional significance of HO-1 induction after flap creation. One group of these animals (n = 5) was injected with SnPP-IX intraperitoneally at a dose of 50 µmol/kg of body weight, whereas the second group of animals (n = 5) received saline only. SnPP-IX and saline were given 24 h before surgery as well as at 1, 2 and 3 days after flap creation. Repetitive microscopic observations were performed before flap creation as well as 30 min and 1, 3 and 5 days after the surgical procedure. To study the time course and cell-type-specific expression of HO-1 by immunohistochemistry and Western blot analysis, another 36 animals were assigned to the three age groups (n = 12 per group), and tissue was harvested before and at 1, 3 and 5 days after flap creation (n = 3 per group and time point).
Preparation of the skin flap
The ear to be investigated was gently extended over a plexiglas pad. To create a proximally based axial-pattern skin flap, the ear was incised through four-fifths of its base. This included the transection of the distal and central neurovascular bundle at the base of the ear, which rendered the perfusion of the flap exclusively dependent on the proximal pedicle. The preparation of this type of skin flap is associated with nutritive perfusion failure, which leads to the development of tissue necrosis of approx. 40 % of the overall area of the ear within a 5-day observation period [16] .
LDF
Microvascular perfusion of the proximal, central and distal pedicle of the flap was assessed separately using a two-channel laser Doppler perfusion monitor (PF3; Perimed). The set up consisted of a laser diode (3 mW, 810 nm emission monochromatic wavelength) and a fibre optic sensor, which could be positioned manually over the tissue. The results were obtained by averaging the measurements of three different zones within each area of the ear, thus minimizing the spatial heterogeneity, well known even under conditions of normal tissue perfusion [19] .
Intravital fluorescence microscopy
For in vivo microscopic analysis, the ears were laid out on a plexiglas pad and covered with an oxygen-impermeable foil. Contrast enhancement for visualization of the microcirculation was achieved by intravenous injection of 0.1 ml of 5 % FITC-labelled dextran 150 000 (Sigma) into a tail vein. Subsequently, the ears were positioned under an Axiotech microscope (Zeiss). The epi-illumination microscopic set up included a 100 W mercury lamp and a blue-light filter set (450-90 nm excitation and > 520 nm emission wavelength). Microscopic images were monitored by a charge-coupled device video camera (FK6990; Pieper) and were recorded on video tape (Panasonic AG-7350-SVHS) for off-line evaluation.
Microcirculatory analysis
The microscopic procedures for analysis of the microcirculation were performed at a constant room temperature of 23
• C. Different objectives [×4, NA (numerical aperture) = 0.16; ×10, NA = 0.30; and ×20 long distance, NA = 0.32] were used for recordings. At each observation time point, the area of the ear was first scanned using the ×4 objective to determine the surface of non-perfused and necrotic tissue respectively. Using the ×10 and ×20 objectives, video printouts of distinct capillary structures within the proximal, central and distal areas of the flap were made to indicate the exact localization for repetitive measurements of RBC (red blood cell) velocity, capillary diameter and FCD (functional capillary density). All parameters were analysed off-line using a computer-assisted image analysis system (CapImage; Zeintl Software) [20] . Necrosis was quantified planimetrically and is given as the tissue area with non-perfused capillaries as a percentage of the total tissue area of the ear [16] . FCD was defined as the length of RBC-perfused capillaries per observation field and is expressed in cm/cm 2 [21] . Capillary diameters (in µm) were measured perpendicularly to the vessel path. Capillary RBC velocity (µm/s) was analysed using the line-shift method [22] . The line-shift method is based on the measurement of the shift (in µm) of an individual intravascular grey level pattern over time (in seconds). Three different fields were evaluated in each flap zone at each time point in order to assess the FCD. Diameters and RBC velocity were measured at each time point in three randomly selected capillaries in each of the three fields per zone.
Immunohistochemistry
Frozen sections in Tissue-Tek (Sakura Finetek) obtained at the day of surgery (control) and at day 5 after flap creation were used to assess cell-type-specific expression and spatial pattern of HO-1. After incubation of 4-µm thick sections in 0.3 % H 2 O 2 /methanol to block activity of endogenous peroxidase, the slides were incubated with 3 % (v/v) normal goat serum in PBS, followed by a primary rabbit polyclonal anti-(mouse HSP-32) antibody (1:100 dilution; StressGen Biotechnologies) at 37
• C for 1 h. A peroxidase diacetate-conjugated goat anti-(rabbit IgG) antibody was used as secondary antibody (1:500 dilution; Amersham Biosciences) and 3 3 -diamino-benzidine was used as chromogen. Slides were counterstained with haematoxylin and examined by light microscopy (BX 60F; Olympus Optical). For negative controls, slides were treated similarly, but without the primary antibody.
Semi-quantitative analysis of the staining intensity was performed in a blinded manner, according to the procedure described previously [23] . Briefly, a score of 0-4 was applied, depending on intensity and extent of colour, i.e., 0, negative; 1, very weakly positive; 2, weakly positive; 3, positive; and 4, strongly positive.
Western blot analysis of HO-1
Viable flap tissue without necrosis (n = 3 per group and time point) at 0, 1, 3 and 5 days was harvested and homogenized in lysis buffer [10 mmol/l Tris/HCl (pH 7.5), 10 mmol/l NaCl, 0.1 mmol/l EDTA, 0.5 % Triton X-100, 0.02 % sodium azide and 0.2 mmo/l PMSF], incubated for 30 min on ice, and centrifuged for another 30 min at 16 000 g at 4
• C. The supernatant served as the whole-protein fraction. Before use, protease inhibitor cocktail (Sigma) was added to the lysis buffer (1:100, v/v). Protein concentrations were determined using the Lowry assay with BSA as a standard. Equal amounts of protein per lane (60 µg) were separated discontinuously on SDS/10 % (w/v) polyacylamide gels under denaturing conditions and were transferred on to PVDF (Bio-Rad Laboratories). After blocking nonspecific-binding sites, membranes were incubated for 2 h with a rabbit polyclonal anti-(mouse HO-1) antibody (1:200 dilution; StressGen Biotechnologies), followed by a secondary HRP (horseradish peroxidase)-conjugated donkey anti-(rabbit Ig) antibody (1:5000; Amersham Biosciences). Protein expression was visualized using luminol-enhanced chemiluminescence and exposure of membranes to blue-light-sensitive autoradiography film (Hyperfilm ECL; Amersham Biosciences). Signals were assessed densitometrically (Gel-doc, Quantity One software; Bio-Rad Laboratories) and were normalized to β-actin signals [mouse monoclonal anti-(β-actin) antibody; 1:8000 dilution; Sigma-Aldrich] to correct for unequal loading.
Statistical analysis
All values are expressed as means + − S.D. For comparison between individual time points within each group, AN-OVA for repeated measures followed by the appropriate post-hoc test was performed, including correction of the α error according to Bonferroni probabilities. Comparison between the groups included ANOVA and the appropriate post-hoc test to compensate for multiple comparisons (SigmaStat). Values of P < 0.05 and P < 0.001 were considered significant and highly significant respectively.
RESULTS
Flap necrosis
Macroscopic analysis at day 5 demonstrated morphological alterations of the ear tissue within the central and distal areas of the flaps. The adequately perfused tissue of the proximal and central areas were found clearly demarcated from the necrotic area within the distal area (Figure 1) . By intravital microscopy, this line of demarcation between perfused and non-perfused (necrotic) tissue could be determined exactly, allowing for an accurate quantification of the area of necrosis (Figure 2A ). Of interest, the zone of demarcation developed more proximally in adult and, particularly, in senescent animals compared with adolescent mice. In adolescent mice, microvascular perfusion failure at 30 min after transection of the central and distal neurovascular bundles encompassed a tissue area of 12 + − 5 %. Along with an increasing microcirculatory dysfunction, this resulted in 31 + − 6 % necrosis of the ear at day 5 after flap creation. In adult and senescent animals, microvascular perfusion failure initially after flap creation did not differ from that of the adolescent mice; however, the increase in the tissue area which showed a lack of nutritive perfusion was found more pronounced over the 5-day observation period, resulting in flap necrosis of 42 + − 8 % in adult animals (P < 0.05 compared with adolescent mice) and 49 + − 8 % (P < 0.001 compared with adolescent mice) in senescent animals ( Figure 2B ).
LDF
In adolescent animals, analysis of blood flow within the proximal pedicle of the flap showed marked reactive hyperaemia at day 5, with a 3.5-fold higher value when compared with that measured at baseline. This final reactive hyperaemia within the proximal pedicle was found to be significantly less pronounced in adult and senescent animals (P < 0.05; Figure 3A ). The central pedicle of the flaps had an immediate and marked decrease in blood flow to only approx. 20-35 % of the baseline values in all of the three age groups studied. Adolescent mice, however, had a full recovery at day 5, whereas in adult and senescent animals blood flow almost completely ceased (P < 0.05; Figure 3B ). Accordingly, within the distal pedicle, adolescent animals were capable of maintaining a minimal residual perfusion of approx. 5 % of baseline values, whereas in adult and senescent mice blood flow was found to be completely abolished ( Figure 3C ).
Intravital microscopy
Within the proximal area of the flap, a 25 % decrease in FCD was observed at day 5 after flap creation in all of the three age groups studied. This still guaranteed sufficient nutritive perfusion of this specific area of the flap. Within the central area, FCD decreased from 255 + − 25 cm/cm 2 at baseline to 169 + − 27 cm/cm 2 in adolescent mice, whereas nutritive perfusion was reduced to 143 + − 34 cm/cm 2 (baseline, 215 + − 43 cm/cm 2 ) in adult animals and 69 + − 25 cm/cm 2 (baseline, 185 + − 54 cm/cm 2 ) in senescent animals (P < 0.05). Within the distal area of the flap, adult animals at day 5 after flap creation had a residual capillary perfusion of only approx. 5 % of that at baseline (P < 0.001), and senescent animals had complete capillary perfusion failure (P < 0.001; Figure 4 ). In contrast, adolescent mice were capable of maintaining a density of perfused capillaries of approx. 20 %, which was significantly higher when compared with that of the two older age groups ( Figure 4C ). Analysis of the capillary diameter response revealed a considerable dilation over the 5-day observation period. Although at day 5 adolescent and adult mice had increased capillary dilation within the distal area of the flap when compared with senescent animals, the overall dilatory (Table 1) . Within the proximal area of the flap, capillary RBC velocity was transiently decreased in all of the groups studied, which, however, was followed by an almost full recovery at day 5 after flap creation. In the central area of the flap, the initial decrease in RBC velocity only recovered incompletely until day 5. Of interest, in the distal area of the flap, adult and senescent animals had an almost complete cessation of capillary blood flow and, thus, RBC velocity values were close to zero (P < 0.05), whereas RBC velocity in capillaries of adolescent mice recovered to approx. 60 % of the baseline value (P < 0.05; Table 2 ).
HO-1 protein expression
The composite ear tissue before flap creation (control) only weakly expressed HO-1 protein ( Figure 5A ). In contrast, 1 day after transection of the central and distal neurovascular bundle, the tissue had a distinct staining for HO-1, which predominantly involved the cytosol of fibroblasts within the subcutaneous tissue ( Figure 5B ). Of interest, cartilaginous cells did not express HO-1 ( Figure 5 ). At day 5 after flap creation, semi-quantitative analysis of the immunohistochemical results revealed a strong expression of HO-1, which was comparable in adolescent, adult and senescent animals ( Figure 5C ). In addition, the analysis of the time course of HO-1 protein expression by Western blotting showed a weak expression at day 0, which was increased by 2-5-fold at day 1, 8-10-fold at day 3, and 12-14-fold at day 5. Importantly, there were no significant differences between the three age groups studied ( Figure 6 ).
Functional HO-1 inhibition
The functional significance of the ischaemia-induced induction of HO-1 was studied by competitively inhibiting the HSP by SnPP-IX. Adolescent animals were used to clarify whether the minor necrosis in these animals compared with the aged animals is due to the protection by endogenous HO-1. Intravital microscopic analyses demonstrated that inhibition of HO-1 resulted in an abrogation of capillary dilation and a decrease in FCD within the distal area of the flap (Figure 7) . Interestingly, this was associated with an increase in tissue necrosis (Figure 7) , which was of an extent comparable with that observed in senescent animals ( Figure 2B ).
DISCUSSION
The major finding of the present study is that aging is associated with a significantly increased susceptibility to Weak expression of HO-1 was observed at day 0, which was increased 2-5-fold at day 1, 8-10-fold at day 3, and 12-14-fold at day 5. No significant differences between the three age groups studied were detected, except at day 1. Values are means + − S.D.; * P < 0.05 compared with adolescent animals. OD, optical density.
necrosis in critically perfused ischaemic tissue. This is the consequence of a loss of microvascular reactivity to endogenous HO-1 expression, rather than a reduction in ischaemic tissue tolerance. Previous studies have demonstrated that surgery in elderly subjects is associated with increased morbidity and mortality, as shown in general surgery of nonagenarians undergoing emergency procedures [24] and in major surgery of the oral cavity and oropharynx performing microvascular free tissue transfer [25, 26] . These studies included ischaemic complications of the surgical access in general and of the flap in particular, such as impaired wound healing and partial flap necrosis. When analysing these studies in detail, however, they all indicate that the poor outcome after surgery in the elderly is due to an accumulation of co-morbidity factors. Because all of the animals used in our experiments were housed in a standardized manner devoid of pathogens, were exposed to identical food and did not show any clinical signs of disease, such as myocardial insufficiency, hypertension or arteriosclerosis, our present data indicate for the first time that the physiological process of aging increases the susceptibility to ischaemic tissue injury.
The three different zones of the ear studied have been defined anatomically, representing the proximal, central and distal tissue areas supplied by the three individual (proximal, central and distal) neurovascular bundles. These anatomical structures do not change during the process of aging [18] . The acute transection of the distal two pedicles resulted in a complete necrosis of the distal area (approx. one-third of the ear) in all of the age groups due to insufficient blood flow. The marginal flow within the central zone of the flap was sufficient for tissue survival in adolescent animals, whereas both adult and senescent animals developed partial necrosis within this zone due to lack of arteriolar and capillary blood flow. This does not indicate that the relative dimensions of the three zones analysed changed during aging, but simply suggests that the necrotic area encompasses only the distal zone in adolescent animals, whereas the necrotic area in adult animals and, in particular, senescent animals also expands over the central zone of the ear. The vascular pedicle within the proximal zone of the flap, which also conducted flow after flap creation, guaranteed the survival of tissue in the proximal area in all of the groups. Thus the three distinct zones of the flap, defined anatomically, did not change with respect to the angioarchitecture of feeding and draining vessels during aging. However, the fact that a significantly lower FCD was associated with a decreased dilatory response during aging from adulthood to senescence resulted in inferior flap survival.
The fact that we observed an age-dependency in flap survival in favour of adolescent animals raises the question of whether the poorer outcome of the aged animals resulted from a reduction in ischaemic tissue tolerance. Currently, this issue is controversial. Mariani and coworkers [27] simulated ischaemia in aged human atrial myocardium to investigate contractile function and its capacity to recover, which was found to be reduced when compared with that of younger myocardium from mature adults. From these results, they concluded that tolerance to ischaemic tissue damage appears to be age-dependent [27] . In contrast, Loubani et al. [28] demonstrated in a cohort of patients between 30 and 90 years of age and undergoing elective heart surgery that age does not influence ischaemic tolerance of the human myocardium.
In the present study, a decrease in ischaemic tissue tolerance would have been expected to result in an increase in necrosis despite a comparable microvascular perfusion and, thus, oxygen supply. The increased necrosis in the aged animals, however, was associated with a markedly decreased perfusion of the pedicle and, consequently, a significantly altered nutritive microcirculation when compared with that of adolescent animals. Moreover, our experiments with functional inhibition of HO-1 in adolescent animals demonstrated that abrogation of capillary dilation and a decrease in FCD to an extent similar to that observed in senescent mice was associated with an increase in the area of tissue necrosis, which was also comparable with that observed in senescent animals. The fact that a comparable decrease in FCD in SnPP-IX-treated adolescent animals and nontreated senescent mice resulted in a similar amount of tissue necrosis indicates that ischaemic tolerance does not differ between young and old animals. The increased susceptibility to ischaemic necrosis during aging is, therefore, more likely to be due to a loss of vascular reactivity to endogenous HO-1 expression and, thus, a lack of adequate adaptation to chronically ischaemic conditions. In fact, others [29, 30] have also demonstrated a reduced vasoreactive capacity of the cutaneous microcirculation over the gluteal region in elderly patients and in the extremities of aged humans when stimulated by ischaemia or heat respectively. In addition, by studying the hyperaemic response after a short period (2 min) of ischaemia, Vollmar and co-workers [18] demonstrated, in the ear of hairless mice, a restricted capacity of the microcirculation to produce an adequate post-ischaemic reactive hyperaemic response in senescent mice when compared with adolescent animals. Finally, Ishida et al. [31] demonstrated in humans devoid of cardiovascular risk factors that advanced age is associated with diminished vascular remodelling and, in particular, with impaired vasodilation in resistance coronary arteries.
In the present study, we observed a dilation of capillaries under the conditions of chronic ischaemia, although we could not differentiate between active and passive capillary dilation. In general, it is believed that capillaries lack the capacity for active dilation and constriction; however, it is also well known that capillaries are associated abluminally with pericytes [32] . These pericytes contain muscle cytoskeletal proteins, in particular α-smooth muscle actin [33] , which are thought to regulate microvascular blood flow [32] . In vitro studies have demonstrated relaxation of pericyte contractile tone through the NO/cGMP pathway [34] .
In liver tissue, in vivo studies have shown that sinusoidassociated pericytes, which are also known as Ito cells [35] , are responsible for CO-mediated blood flow regulation within the sinusoids. This is due mainly to the blockade of CO, which results in sinusoidal constriction at the site of the Ito cells [36] . This view was also confirmed by the observation that the addition of CO or a cGMP analogue resulted in the attenuation of sinusoidal constriction [36] . From these results, Suematsu et al. [36] concluded that CO can function as an endogenous modulator of sinusoidal and, thus, capillary perfusion through a relaxing mechanism involving pericytes. This may also be the mechanism behind the capillary dilation observed in the present study, although we cannot exclude the possibility that the capillaries have increased their diameters only passively due to changes within the precapillary microvasculature.
Vascular adaptation, counteracting the development of necrosis, appears to depend on capillary dilation mediated by HO-1. This stress protein is known to be the ratelimiting enzyme in the degradation of haem to biliverdin, free iron and the potent endogenous vasodilator CO [37] . Miyamura et al. [38] have demonstrated in human retinal pigment epithelium that the expression of HO-1 at the protein level shows no significant decline with age. In fact, these results are confirmed in the present study, demonstrating that chronic ischaemia induced a comparable expression of HO-1 protein in all animals, independent of their age. Accordingly, dilation of the nutrient microvessels was observed in all of the three age groups; however, although not significant, capillary dilation after induction of chronic ischaemia was found to be less pronounced in senescent animals compared with adolescent and adult mice.
In the past, a variety of studies have underlined the biological relevance of HO-1 and, hence, CO in the regulation of vascular tone exposed to chronic ischaemia. Hypoxia, shear stress and stretch have been shown to induce HO-1 and to result in elevated production of CO, especially by smooth muscle cells [39] . Kubulus and coworkers [40] studied the potential of chronic ischaemia (surgical delay) to induce HO-1 in order to protect the pedicled ear of the hairless mouse from subsequent ischaemic damage. In these experiments, they have shown that ischaemia was an effective stressor to induce HO-1 and capillary dilation. Because functional inhibition of HO-1 by SnPP-IX abrogated ischaemia-induced capillary dilation, the CO-associated dilatory action has to be considered as the mechanism of protection of capillary perfusion within ischaemically at risk tissue [40] . Thus the experiments in the present study indicate that the increased susceptibility to ischaemic necrosis in aged animals is not due to a lack of HO-1 expression, because this stress protein was expressed similarly in senescent and adolescent animals, but, more likely, is because in the elderly mice the microvasculature did not adequately dilate in response to the HO-1-induced release of CO.
In addition to the decreased dilatory response of the microvasculature after exposure to chronic hypoxia, the senescent animals in the present study had a significantly lower FCD compared with adolescent and adult animals. This observation confirms the results of Vollmar et al. [18] , demonstrating a substantial decrease in the nutrient capillary network of the skin microvasculature during the process of aging to senescent life. The reduction of FCD during aging from adulthood to senescence results in a reduction in oxygen delivery to the tissue. This, together with the reduced reactivity of the microvasculature, may be the predominant cause of the poorer outcome of tissue survival in the aged animals, because the nutrient microvascular network is not able to adapt adequately and compensate during the conditions of critical ischaemia.
The cause of the shutdown of capillary perfusion in the aged animals may involve an alteration in overall blood fluidity due to Rouleaux formations and leucocyte adhesions. However, this mechanism is highly unlikely, because we could not detect a significant reduction in RBC velocities in senescent animals, and previous studies in livers of rats have demonstrated that aging is not associated with increased microvascular leucocyte adhesions [41] .
Although we could not analyse arteriolar flow by intravital microscopy, because oedema formation, particularly in ischaemic areas, blurred the image of these deeper located structures, we obtained information on arteriolar blood flow using LDF. The readout of flow by LDF encompasses a tissue volume of approx. 1 mm 3 containing arterioles, venules and capillaries. In previous studies, we demonstrated that the LDF signal is mainly determined by arteriolar flow [42] . Thus the differences observed between the three groups by LDF measurements have to be attributed mainly to differences in arteriolar flow. Our data show that RBC flux, as measured by LDF, was higher in adolescent compared with adult and senescent animals. These data indicate that arteriolar flow is also, as with capillary flow, affected less in adolescent than in older animals. The mechanisms involved may also be attributed to a loss of sensitivity to HO-1, because HO-1 mediates not only dilation of capillaries, but also of arterioles. The hyperaemic arteriolar response in the proximal zone of the flaps, which was observed particularly in the adolescent animals, may have contributed additionally to the capillary dilation detected.
In summary, the present study demonstrates for the first time that aging is associated with an increased susceptibility to ischaemic tissue necrosis, which is due to a loss of vascular reactivity, rather than a reduction in ischaemic tolerance.
